Introduction 5-Aminolevulinic acid (ALA) is the first committed metabolite of tetrapyrrole biosynthesis. Previous studies have verified that the synthesis of ALA is the rate-determining step in the pathway in prokaryotic as well as in eukaryotic organisms synthesizing different tetrapyrrole end-products (Tanaka and Tanaka 2007 , Mochizuki et al. 2010 , Tanaka et al. 2011 , Terry and Smith 2013 . In plants, ALA synthesis is initiated by activation of glutamate via glutamyl-tRNA synthetase which aminoacylates tRNA Glu . The resulting glutamyl-tRNA Glu is processed by glutamyl-tRNA reductase (GluTR) to yield glutamate-1 semialdehyde (GSA). GSA-aminotransferase (GSA-AT) catalyzes the pyridoxamine phosphate-dependent exchange of the C4-amino group of GSA to the C5 position, leading to the formation of ALA (Grimm 1990 ).
Interestingly, two homologous genes have been identified for GluTR (the encoding genes are designated HEMA) in all angiosperms investigated (Bougri and Grimm 1996 , Kumar et al. 1996 , Tanaka et al. 1996 . In Arabidopsis thaliana, three HEMA genes were found, with HEMA3 (At2g31250) being considered a pseudogene. The two expressed HEMA genes show distinct expression patterns (Ilag et al. 1994 , Matsumoto et al. 2004 . HEMA1 (At1g58290) is highly expressed in photosynthetic tissues of leaf and stem, while HEMA2 (At1g09940) is constitutively expressed at low levels in all tissues and induced upon stress treatment (Nagai et al. 2007) .
ALA is the building block for the formation of tetrapyrroles. In plants, Chl, heme, phytochromobiline and siroheme are synthesized in different quantities in a branched anabolic pathway. Regulation of tetrapyrrole biosynthesis has to meet tissueand development-dependent requirements for each of the products. It is generally accepted that the metabolic activities of the late steps in tetrapyrrole biosynthesis provide a regulatory feedback on ALA synthesis. This feedback control is essential to avoid accumulation of photosensitive tetrapyrrole intermediates and to adjust the formation of ALA to the required amounts of end-products for the completion of apoprotein assembly. Angiosperms experience a strong feedbackcontrolled suppression of ALA synthesis in darkness, leading to the inactivation of Chl synthesis (Fluhr et al. 1975 , Richter et al. 2010 . Due to this post-translational suppression in the dark, an excessive accumulation of intermediates due to the lightdependent catalytic reduction of protochlorophyllide (Pchlide) by NADPH:protochlorophyllide oxidoreductase (POR) is prevented (Griffiths et al. 1996 , Holtorf and Apel 1996 , Meskauskiene and Apel 2002 , Goslings et al. 2004 ). However, a limited amount of metabolites still has to be formed to satisfy the demands for all other plant tetrapyrroles except Chl (Huang and Castelfranco 1989, Czarnecki et al. 2011a) .
The negative regulator FLU (FLUORESCENT) has been identified to interact with GluTR (Meskauskiene et al. 2001, Meskauskiene and Apel 2002) . A lack of FLU causes enhanced PChlide levels in leaf cells in darkness and compromises the flu mutant upon light exposure by photodynamic cell destruction. Interestingly, yeast two-hybrid experiments proved that FLU interacts with GluTR1, but not with GluTR2 (Goslings et al. 2004 ). Due to this regulatory difference, each of the proteins encoded by HEMA1 and HEMA2 are proposed to be associated with a distinct portion of ALA synthesis that is assigned to Chl and heme formation, respectively. Previous reports supported such a functional assignment of GluTR1 and GluTR2. Analysis of the hema2 mutant revealed reduced heme content, but no reduction in Chl (Ujwal et al. 2002 , Nagai et al. 2007 .
A second inhibitory effect on ALA synthesis was suggested for heme (Pontoppidan and Kannangara 1994 , Vothknecht et al. 1998 , Cornah et al. 2003 . Moreover, deregulated Mg chelatase and Mg protoporphyrin IX (MgP) methyltransferase activities synchronously also affect ALA synthesis (Papenbrock et al. 2000, Alawady and Grimm 2005) . However, both the heme-and the Mg branch-derived regulatory feedback mechanisms are not yet mechanistically elucidated and require experimental proof of physical interaction between the proteins of the pathway and their effectors.
ALA synthesis has been modulated by several different transgenic approaches. RNA interference (RNAi)-induced down-regulation of HEMA1 expression caused not only reduced ALA-synthesizing capacity, but also a post-translational reduction of Mg chelatase and ferrochelatase activity, indicating a regulatory feed-forward mechanism in tetrapyrrole metabolism (Hedtke et al. 2007 ). Further, induced overproduction of GluTR in A. thaliana surprisingly did not stimulate ALA synthesis during the light period and tobacco plants constitutively overexpressing GluTR did not show a proportionally increased ALA synthesis rate relative to the amount of accumulated GluTR (Schmied et al. 2011) . It still remains a difficult question as to which limiting factors and regulatory mechanisms, including the structural properties of the contributing enzymes, prevent enhanced ALA-synthesizing activities in spite of excess amounts of GluTR.
Recently, it was shown that the Chl synthesis proteins CHL27 [a subunit of the Mg protoporphyrin monomethylester (MgPME) cyclase], the two POR isoforms PORB and PORC, and GluTR1 are associated with FLU in chloroplast extracts of Arabidopsis leaf material harvested in darkness. The same proteins, with the exception of GluTR1, were detected in a high molecular weight protein complex from light-exposed plastid extracts (Kauss et al. 2012) . These findings imply a dark-specific link of GluTR1 with (inactive) POR and CHL27 via FLU, resulting in the formation of an inhibitory protein complex and, in consequence, a light-dependent coordination of ALA synthesis with proteins of the Chl synthesis branch. Additionally, to stimulate the ALA-synthesizing activities in light, the control of HEMA genes in tobacco and Arabidopsis by phytochromeand cryptochrome-mediated light induction and the endogenous clock leads to oscillating RNA contents with increasing levels in the first hours of illumination, thereby supporting light-dependent ALA synthesis and a dark-dependent suppression (Papenbrock et al. 1999 , McCormac et al. 2001 .
However, this current view on the regulatory mechanism of ALA synthesis still leaves open questions. Can the two encoded GluTR isoforms enzymatically compensate each other? In particular, can GluTR2 functionally replace GluTR1? Is the substitution of GluTR1 only limited by the low expression of GluTR2 or also by different post-translational mechanisms controlling both enzymes? Which regulatory mechanisms would allow a strict assignment of both isoforms to the synthesis of distinct tetrapyrrole end-products? We addressed these questions by means of a new publicly available hema1 mutant and demonstrate the ability of GluTR2 to substitute the biochemical function of GluTR1. Both isoforms experience different posttranslational control.
Results

Characterization of hema mutant seedlings
We took advantage of a hema1 knockout mutant which recently became available (SALK_053036; Alonso et al. 2003) . In addition, a hema2 knockout (SALK_052000) was used, which is allelic to a previously described hema2 mutant from the RIKEN mutant collection based on A. thaliana ecotype Nossen (Nagai et al. 2007 ). In both mutants, the insertion of the T-DNA in the coding sequence (Fig. 1B) as well as mutant homozygosity were confirmed (Fig. 1D) .
The hema1 mutant does not grow photoautotrophically and can be cultivated on sugar-containing Murashige and Skoog medium (MS medium) only. Mutant seedlings are weakly green pigmented and show severe growth retardation (Fig. 1A, depicted after 28 d) , before leaves eventually turn to a yellow pale phenotype with further reduced pigment contents. Growth under continuous or low light conditions does not significantly improve growth and formation of pigments of hema1 seedlings, ruling out inhibition by excessive light or photooxidation of accumulating tetrapyrrole intermediates. Homozygous hema2 plants did not display any phenotypical differences in comparison with wild-type seedlings.
Finally, we crossed heterozygous hema1/HEMA1 and homozygous hema2 knockout mutants and identified F 2 progeny with different mutant phenotypes in the developing siliques and at the seedling stage. In siliques, embryo-lethal, yellowish and pale green seeds could be distinguished from green seeds (Fig. 1C, lower panel) , which can be assigned to the double knockout genotype, the homo-/heterozygous combination hema1/hema1/HEMA2/hema2 and the hema1 knockout mutation, respectively. The hema1/hema1/HEMA2/hema2 seeds give rise to fragile yellowish seedlings which survive only on medium containing sugar. Their cotyledons as well as the first true leaves display a yellowish pigmentation before the leaves develop a pale white phenotype with hardly detectable pigment amounts (Fig. 1A) .
Taken together, the mutant phenotypes demonstrate that endogenous HEMA2 expression does not rescue the hema1 mutant. As illustrated by a pale green phenotype of hema1 and embryo lethality of the double knockout, HEMA2 expression significantly contributes to ALA synthesis and a limited synthesis of tetrapyrrole end-products, but is not sufficient for photoautotrophic growth. The 4-week-old hema1 mutants contain 13% of total wild-type Chl and have a strongly elevated Chl a/b ratio, while hema1/hema1/HEMA2/hema2 contains only traces of Chl a (1%) (Fig. 1E) .
The hema2 seedlings possess wild-type-like Chl contents and maintain, in contrast to previously published data (Nagai et al. 2007 ), wild-type levels of heme (Fig. 1E, F) . Repeatedly performed heme measurements of hema2 under different growth conditions gave identical results. The discrepancy in heme content compared with the data published by Nagai et al. (2007) most probably results from the differing ecotypes of the hema2 mutants used [Columbia (Col-0) vs. Nossen]. ALA synthesis in hema2 leaves does not seem to be impaired since similar heme and Chl amounts accumulate. The hema1 and the hema1/hema1/HEMA2/hema2 mutants, with almost 60% of the wild-type contents, contain similar amounts of heme.
Transmission electron microscopy reveals hema1 leaf plastids to contain strongly reduced numbers of thylakoids and a complete lack of grana structures, thereby resembling the state of etiochloroplasts (Fig. 2B, C) . The homo-/heterozygous double mutant displays comparable structures (Fig. 2D) . In older seedlings, the plastids in white pale tissue resemble rather proplastid-like organelles, initially with many sites of less resolved structures. During further leaf development, the few thylakoid membranes open their lumina and membranesurrounded vesicles are generated (Fig. 2E ). These observations correlate with the continuing loss of Chl in these mutants.
Transcript levels of HEMA1 and HEMA2 in the mutants were determined in comparison with the wild type (Fig. 3A) . The HEMA2 mRNA content was doubled in the hema1 mutant background, but a more extensive compensatory increase of HEMA2 transcript levels is not observed following the loss of function of HEMA1. We emphasize that the relative abundance of HEMA2 transcripts in above-ground tissue of wild-type Arabidopsis seedlings is about 15-fold lower compared with A B C E D Fig. 2 Transmission electron micrograph of plastids of wild-type and hema mutant seedlings. The hema1 plastids (B) show an amorphous structure when compared with Col-0 (A), with almost no thylakoid stacks and increased nucleoids and plastoglobuli (C). Yellowish leaves of the hema1/hema1/HEMA2/hema2 mutant (D) harbor plastids that resemble the hema1 knockout plastids. White leaves contain plastids with almost no thylakoids but vesicles (E). Scale bar = 500 nm.
HEMA1, explaining the inefficiency of HEMA2 in substituting for lack of HEMA1. Microarray data from publicly available databases (www.csbdb.mpimp-golm.mpg.de) confirm the high HEMA1 transcript abundance in stem and leaf tissue of young seedlings compared with HEMA2 expression. The HEMA1 transcript content was not altered in hema2.
Similar to their transcript levels, we expect the GluTR1 and GluTR2 polypeptides to accumulate to very different amounts in green tissue (Fig. 3B, C) . We used two polyclonal GluTR antibodies which differentially recognize the GluTR isoforms ( Supplementary Fig. S1 ). While the antibody designated GluTR1 detects exclusively AtGluTR1 ( Supplementary Fig.  S1B ), the GluTR1/GluTR2 antibody, which was raised against Arabidopsis GluTR2, is similarly sensitive for the detection of both Arabidopsis GluTR isoforms ( Supplementary Fig. S1C ). Applying these GluTR-specific antibodies in immunoblot analyses confirmed the absence of GluTR1 in hema1 and the homo-/heterozygous double mutant (Fig. 3C) . Furthermore, the GluTR1/GluTR2-specific antibody proves the low abundance of GluTR2, which is exclusively detected in HEMA1-deficient lines (Fig. 3C) .
We tested the expression of further proteins involved in tetrapyrrole biosynthesis (Fig. 3C) . The hema2 mutants do not exhibit significant alterations, whereas the amounts of GSA-AT, Chl27 and POR are increased in hema1 and hema1/ hema1/HEMA2/hema2 mutants in comparison with the wild type. Only the hema1/hema1/HEMA2/hema2 mutant showed reduced amounts of the FLU protein and the GluTR-binding protein (GBP), most probably due to a drastic overall metabolic perturbation in this mutant (compare the total protein pattern in Fig. 3B ). A light-harvesting Chl-binding protein of PSII (LHCB) was not detectable in hema1 and the double mutant due to the low Chl content.
Complementation of the hema1 mutant
A previous report on Arabidopsis HEMA1 overexpression in transgenic tobacco and A. thaliana seedlings revealed little impact of overproduced GluTR on ALA synthesis during light exposure (Schmied et al. 2011) . It was speculated that unknown post-translational mechanisms disable stimulated ALA synthesis. This enigmatic observation combined with the differential expression patterns of both Arabidopsis HEMA genes and a proposed distinct allocation of ALA for Chl and heme synthesis (Goslings et al. 2004 , Nagai et al. 2007 , Czarnecki et al. 2011a prompted us to ask whether expression of HEMA2 under control of a stronger promoter would complement the hema1 knockout.
As a control for this experiment, the HEMA1 cDNA sequence was first fused with the Cauliflower Mosaic Virus (CaMV) 35S promoter (p35S::HEMA1 lines are designated A1-1 and A1-2 from here on) and transformed into hema1. Expression of p35S::HEMA1 in the hema1 background succeeded in the generation of green transformants with Chl and heme contents as well as Chl a/b ratios indistinguishable from wild-type plants (Fig. 4A, C, D) . The complementation was confirmed by PCR using gene-and T-DNA-specific primers (Fig. 4B) . Hence, the hema1 phenotype (Fig. 1A) is unequivocally the consequence of the T-DNA insertion in exon 3 of the HEMA1 gene (Fig. 1B) . The reversal of hema1 bleaching and growth retardation is observed at all stages of plant development, as illustrated also for tissue culture-grown 28-day-old plants in Supplementary Fig. S2 .
Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) revealed an increased HEMA1 mRNA abundance in the transformants compared with the wild type (Fig. 4E) , while the encoded polypeptide GluTR1 accumulates in lines A1-1 and A1-2 to about wild-type levels (Fig. 4F) . HEMA2 transcript levels were not modified. ALA synthesis rates of the HEMA1-complemented lines revealed wild-type levels and confirmed the complete substitution of the lacking endogenous GluTR1 activity by the p35S::HEMA1-encoded transgene ( Supplementary Fig. S3 ).
In a further experiment, the genomic sequence covering the complete HEMA2 coding region was fused with the promoter as well as the 5 0 -and 3 0 -untranslated region (UTR) sequences of HEMA1 (pHEMA1::HEMA2 lines are designated A2-1 and A2-2 from here on). The gene construct was introduced into heterozygous hema1 seedlings and the transformants were evaluated in the T 2 generation (Fig. 5E) . Homozygous hema1 plants with HEMA2 expression under control of the HEMA1 promoter displayed a wild-type-like phenotype with respect to growth rate, leaf shape and number, as well as pigmentation (Fig. 5A) . The phenotype of the 42-day-old Arabidopsis wild type (Col-0) and the complemented lines A2-1 and A2-2 cultivated on soil under short-day conditions is depicted at the bottom of Fig. 6A . The successful complementation was confirmed by analyses of Chl and heme contents (Fig. 5B, C) . HEMA2 expression under control of the HEMA1 promoter results in an overexpression of HEMA2/GluTR2, since the transgenic lines accumulate the HEMA2 transcript as well as the encoded polypeptide to much higher amounts than wildtype or hema1 plants (Fig. 5D, F) . When compared with wild-type HEMA1 transcript levels, the HEMA2 mRNA content is elevated 1.5-and 4-fold, respectively, in the two depicted transgenic lines (Fig. 5D) . A quantitative comparison of GluTR2 levels relative to GluTR1 (Fig. 5F ) is hampered by slightly differing specificities of the GluTR1/GluTR2 antibody for each GluTR polypeptide ( Supplementary Fig. S1C ). In addition, co-migration of GluTR2 on SDS-PAGE with the large subunit of ribulose 1,5-bisphosphate carboxylase impairs its detection. Immunoblot analyses of polypeptides involved in ALA synthesis (GSA-AT) or known to interact with GluTR (GBP, FLU, CHL27 and POR) underline the reversion of the hema1 phenotype (Fig. 5F ).
GluTR2 levels in transgenic lines A2-1 and A2-2 are sufficient to ensure Chl as well as heme contents indistinguishable from the wild type. Although measurements of the ALA-synthesizing capacity of both lines indicate that ALA synthesis does not completely reach wild-type levels ( Supplementary Fig. S3 ), the results illustrate the capacity of HEMA2 to compensate a loss of GluTR1.
Divergent post-translational control of GluTR2
Under two growth conditions, the above-described GluTR2-overexpressing lines displayed necrotic leaf that differed phenotypically from the wild type as well as from GluTR1-complemented hema1 lines. First, 6-week-old A2 seedlings developed necrosis after a prolonged dark exposure of 2.5 d and subsequent illumination (Fig. 6A) . Secondly, adult 8-week-old plants grown under short-day conditions formed small necrotic leaf lesions ( Supplementary Fig. S4 ). The occurrence of necrosis in HEMA2-overexpressing plants after prolonged dark exposure correlates with an increased PChlide content. Chl metabolites were analyzed in 38-dayold plants after 2.5 d of dark incubation as well as during the light period under short-day conditions (Fig. 6B, C) . Interestingly, PChlide levels were increased in hema1 seedlings expressing pHEMA1::HEMA2, but not in mutant lines expressing p35S::HEMA1. This hints at an insufficient dark repression of ALA synthesis. Following 2.5 d of dark incubation, GluTR2-overexpressing plants were not able to compensate the photodynamic consequences of increased PChlide levels, resulting in necrosis (Fig. 6A) . Under short-day conditions, increased PChlide amounts detected during the light phase are accompanied by elevated levels of MgP and MME (Fig. 6B, C) . In conclusion, dark-suppressed ALA synthesis is bypassed by the synthesis and activity of GluTR2 complementing the hema1 mutant.
Finally, the levels of selected proteins in the wild type and the hema1 lines complemented by GluTR1 and GluTR2, respectively, are compared following dark treatment for 2.5 d and short-day conditions (Fig. 6E) . FLU content is similar in the wild type and the complemented hema1 mutants. FLU does not only accumulate in darkness when its regulatory impact is evident (Fig. 6E) . This observation is consistent with previous results (Goslings et al. 2004 ) and implies an additional function for FLU not only in darkness, but also in light. The POR-specific antibody recognizing both PORA and PORB reveals a slightly elevated POR content in dark-exposed tissue compared with illuminated samples. Chl27 is more abundant in samples harvested in the light, while the immune response of YCF54, the second subunit of MgPME cyclase, reflects a constant amount of this protein in dark and light samples.
Interestingly, in all investigated lines, GluTR is more abundant in light-exposed leaves than in leaves harvested in darkness. While this is conceivable for wild type and the lines complemented with pHEMA1::HEMA2 (A2-1 and A2-2 in Fig. 6E ) since GluTR expression is under control of the light-inducible HEMA1 promoter, the dark vs. light difference in GluTR1 accumulation in lines A1-1 and A1-2 is remarkable. Transcript accumulation patterns for HEMA1 and HEMA2 under control of pHEMA1 (Col-0 and A2-1 in Fig. 6D ) confirm an at least 11-fold difference in mRNA amounts between light and dark samples. In contrast, in hema1 complemented with p35S::HEMA1, only a minor difference is observed for HEMA1 mRNA accumulation between samples harvested in darkness MgP MME
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GluTR1/ GluTR2 and light (only 1.4-fold, A1-1 in Fig. 6D ). The discrepancy between protein and transcript data points to post-translational processes strongly affecting GluTR accumulation, at least under dark conditions.
Overexpression of Arabidopsis GluTR2 in tobacco outperforms GluTR1 effects
In previous work on Arabidopsis GluTR (AtGluTR) expression in Nicotiana tabacum by means of p35S::AtHEMA1, the consequences of GluTR overproduction were limited to PChlide overaccumulation after prolonged dark exposure resulting in necrotic lesions in young leaves upon reillumination (Schmied et al. 2011) . In spite of a high content of GluTR, ALA-synthesizing capacity was only increased in individual transgenic lines grown under continuous light by 50-90%. However, no elevation of Chl or heme was observed.
Functional and regulatory differences of the two isoforms AtGluTR1 and AtGluTR2 became obvious when we stably transformed tobacco with a p35S::AtHEMA2 construct. Transformants harboring the latter transgene revealed already necrotic lesions when grown under short-day conditions (data not shown). Therefore, we cultivated AtHEMA1-and AtHEMA2-overexpressing tobacco lines in permanent light and exposed them to a prolonged dark phase to compare the phenotype and PChlide accumulation ( Supplementary Fig. S5A and B) . The amount of Arabidopsis GluTR in each tobacco plant examined was confirmed by using the GluTR1/GluTR2 antibody ( Supplementary Fig. S5C ). We selected different overexpressors of AtHEMA1 (lines N16 and N19) from those used in a previous study (Schmied et al. 2011 ) and ensured similar amounts of AtGluTR1 and 2 in the comparison (shown for three individuals each in Supplementary Fig. S5C ). Following 2.5 d of dark exposure, PChlide was determined in small young leaves ( Supplementary Fig. S5B ) since the youngest leaves and shoot tips were most severely affected by necrosis in AtGluTR2-overproducing plants.
When tobacco lines synthesizing AtGluTR1 and AtGluTR2, respectively, to similar amounts are compared, the phenotypic consequences of AtGluTR2 overexpression clearly outperform the effects of AtGluTR1. Excessive PChlide amounts in AtGluTR2 overexpressors demonstrate a lack of posttranslational repression of AtGluTR2 activity in darkness ( Supplementary Fig. S5 ).
Discussion
The differential transcriptional control of HEMA1 and HEMA2 has previously prompted the hypothesis that both isoforms of GluTR contribute to synthesis of different end-products (McCormac et al. 2001 , Nagai et al. 2007 ). Based on HEMA1 antisense mutant studies and the differential expression pattern of both HEMA genes, it was concluded that HEMA1-encoded GluTR1 mainly contributes to Chl biosynthesis, while GluTR2 serves for heme biosynthesis (Ilag et al. 1994 , Kumar et al. 1996 , Ujwal et al. 2002 . The deviating responses to stimuli such as light, plastid signal [regulating HEMA1 (McCormac et al. 2001 , Ujwal et al. 2002 ] and oxidative stress [inducing HEMA2 expression (Nagai et al. 2007) ] favor this idea. According to our data, HEMA1 mRNA accumulates in leaves to 15-fold higher levels than HEMA2 transcripts, supporting the proposed division of labor of both isoforms. The ratio of transcript accumulation of HEMA1 and HEMA2 in green leaves correlates with the synthesis rates of Chl and heme, respectively, which were calculated to differ 50-to 100-fold (Hendry et al. 1987) .
The proposed specialized functions of the two HEMA genes were investigated by means of the hema1 and hema2 mutants of the Arabidopsis ecotype Col-0. While hema2 Chl and heme contents did not differ from that of those of the wild type, hema1 seedlings suffered from a severe lack of pigments, indicating that HEMA2 expression cannot compensate for the loss of GluTR1 in the mutant (Fig. 1E, F) . Chl accumulation in hema1 (13% of the wild type level) is more strongly affected than heme (56%). However, analyses of double mutants heterozygous for the HEMA2 knockout mutation (hema1/hema1/HEMA2/hema2) revealed a strong further decrease in Chl content compared with hema1, whereas its heme level was not reduced in comparison with hema1 (Fig. 1E, F) . These data indicate that both GluTR isoforms are equally involved in ALA synthesis dedicated to Chl and heme synthesis, but under conditions of increasingly limiting ALA formation, a preferential supply of ALA for heme formation is facilitated.
The hema1 mutant, which is introduced in this study for the first time, was used to explore functional differences between the GluTR isoforms. Overexpression of HEMA2 under control of the HEMA1 promoter (pHEMA1) offered a promising tool to investigate various aspects of the regulation of GluTR activity. The resulting transgenic lines (pHEMA1::HEMA2) produce wild-type-like progeny with comparable Chl and heme contents (Fig. 5) and resemble the hema1 lines complemented with HEMA1 under control of p35S (Fig. 4) . Thus, HEMA2 efficiently complements hema1 when expressed under control of a sufficiently strong promoter and supports the hypothesis of an equal contribution of both GluTR isoforms to ALA synthesis for Chl and heme. The heme and Chl contents of the HEMA2 overexpressor lines complementing hema1 confirm similar catalytic qualities of both GluTR isoforms and indicate promiscuity in ALA synthesis for both end-products.
Post-translational control of GluTR1 and GluTR2
The negative regulator FLU has been reported to interact with GluTR1, but not with GluTR2 (Goslings et al. 2004) . Although the inhibitory mechanism is still unknown, the presence of FLU and its interaction with GluTR are widely accepted to block bulk ALA synthesis in darkness. This mechanism prevents an excessive accumulation of PChlide in dark-grown angiosperms, in which POR activity depends on exposure to light. Although GluTR2-FLU interaction was excluded, physiological consequences of enhanced GluTR2 expression were not demonstrated before. Transformants expressing pHEMA1:: HEMA2 synthesize similar amounts of mRNA and protein compared with endogenous HEMA1/GluTR1 in the wild type and efficiently compensate the lack of HEMA1 expression (Fig. 5) . However, under certain growth conditions, these transformants display necrotic leaf lesions, which correlate with an accumulation of PChlide (Fig. 6) .
HEMA2-complemented plants grown under short-day conditions experience formation of increased amounts of tetrapyrrole precursors and accumulate higher levels of PChlide (Fig. 6B, C) . While these enhanced Chl intermediate levels do not cause necroses under short-day conditions in plants which are younger than 8 weeks old, an exposure to prolonged dark periods is not tolerated in 6-week-old plants. The elevated PChlide levels observed under these conditions (Fig. 6B) cause numerous necrotic leaf lesions (Fig. 6A) . In contrast, when HEMA1 expression in hema1 is restored under control of p35S, which generates normal to slightly elevated GluTR1 levels (Figs, 4F, 6G), plants do not accumulate excessive PChlide, indicating efficient GluTR1 inactivation by FLU during darkness (Meskauskiene and Apel 2002) (Fig. 6C) . Thus, GluTR2-complemented hema1 lines reveal a diverse regulation of ALA synthesis compared with GluTR1-expressing lines.
Hence, GluTR2 can compensate for the lack of HEMA1 expression, resulting in similar levels of Chl and heme, but the pHEMA1::HEMA2 lines are compromised during longer dark periods as well as at later developmental stages (>8 weeks) since GluTR2 and FLU do not interact (Goslings et al. 2004) and, thus, adequate dark inactivation of ALA synthesis is not guaranteed. In addition to the specific interaction of GluTR1 with FLU, the recently described GBP was suggested to ensure an adequate heme synthesis in darkness by binding a minor fraction of GluTR to the thylakoid membrane (Czarnecki et al. 2011a) . Since GBP was shown to interact with both GluTR1 and GluTR2, the hypothesized fraction of ALA-synthesizing activity specifically dedicated to heme synthesis in darkness is not necessarily expected to be isoform pecific, while bulk ALA synthesis is repressed by FLU-GluTR1 interaction.
In agreement with this, the differing regulatory properties of both Arabidopsis GluTR isoforms are drastically illustrated by comparison of constitutive tobacco overexpressor lines. While the accumulation of AtGluTR1 was previously described as yielding increased ALA synthesis rates and an enhanced PChlide accumulation in prolonged dark phases (Schmied et al. 2011 ), a direct comparison of transgenic lines accumulating similar amounts of AtGluTR1 and AtGluTR2, respectively, reveals a strongly necrotic phenotype only in AtGluTR2 overexpressors in dark-light cycles in young leaves and the shoot apex ( Supplementary Fig. S5A, C) . The depicted AtGluTR2-overexpressing tobacco lines are viable only under continuous light, most probably due to a strong PChlide accumulation observed in darkness ( Supplementary Fig. S5B ).
The diverging effects of overexpression of both GluTR isoforms that are observed specifically in the dark can be based on regulatory interactions with protein partners, such as FLU, as well as on different protein synthesis or degradation rates. While analyses of pHEMA1::HEMA2-complemented hema1 lines do not indicate an accumulation of the transgene transcripts under dark conditions, the expression of p35S::HEMA1 is remarkable. Although HEMA1 transcription under control of the 35S promoter is hardly reduced in darkness, the amounts of transgenic GluTR1 protein are decreased under these conditions comparable with wild-type levels (Fig. 6D, E) . This indicates either a diminished GluTR1 protein synthesis in darkness or an intensified degradation process specifically adapting GluTR1 protein levels in darkness. Since GluTR1 was recently described as a target of ClpS1, a substrate selector of the plastidic Clp protease system (Nishimura et al. 2013) , degradation processes are likely to play a major role in this regulation. Furthermore, the reduced accumulation of GluTR2 in HEMA2-complemented hema1 in comparison with wild-type GluTR1 observed in darkness (Fig. 6E ) also underlines the existence of different post-transcriptional regulatory mechanisms for both HEMA genes.
We do not exclude that additional regulatory mechanisms contribute to the post-translational control of ALA synthesis in the dark. In our own approach to search for mutants with a deregulated repression of ALA synthesis in darkness, we characterized a mutant with a defect in riboflavin biosynthesis (Hedtke et al. 2012) . The mutant exhibited increased cytokinin levels that were proposed to stimulate ALA synthesis in darkness. Similar observations were made after exposure of etiolated seedlings to increased cytokinin concentrations as well as in a cytokinin oxidase-deficient triple mutant. This conceivably confirmed the regulatory impact of cytokinin signaling on ALA formation in etiolated seedlings. Additional control by gibberellic acid and ethylene at the transcriptional level was shown in mutants with elevated PChlide levels, indicating a sensitive regulatory and signaling network for the balanced synthesis of ALA (Zhong et al. 2009 , Cheminant et al. 2011 .
In conclusion, expression of similar amounts of GluTR1 and GluTR2 in an Arabidopsis hema1 mutant background results in similar synthesis rates of ALA and an adequate, wild-type-like accumulation of Chl and heme. In this respect, both isoforms are interchangeable. The low expression of HEMA2 in wild-type Arabidopsis ensures an efficient dark suppression of the ALAsynthesizing activity that is dominantly addressed to GluTR1. Thereby, GluTR2 can be hypothesized to ensure continuous ALA synthesis in darkness, while GluTR1 is inactivated. However, both isoforms are clearly subjected to different posttranslational control mechanisms. Thus, a functional diversity of both isoforms is given firstly by the selective interaction of FLU with GluTR1, but additional mechanisms regulating GluTR1/2 protein abundance in the dark are hypothesized to be involved. 
Material and Methods
Plant growth conditions
DNA analysis
DNA was extracted by grinding a small leaf in 100 ml of extraction buffer containing 200 mM Tris pH 8.0, 150 mM NaCl, 25 mM EDTA and 0.5% SDS, followed by centrifuging at 14,000 r.p.m. for 1 min. The DNA in the supernatant was precipitated by 85 ml of isopropyl alcohol and 15 min centrifugation at 14,000 r.p.m. and 4 C, followed by a washing step with 70% ethanol. An aliquot of the precipitated DNA was used as template in PCRs performed in a total volume of 20 ml containing 2 ml of 10Â reaction buffer, 1 ml of 10 mM dNTP, 10 pmol of forward and reverse primer, and 0.625 U of DreamTaq DNA polymerase (Thermo Fisher Scientific). Reactions were incubated for 1 min at 95 C, and then run for 40 cycles at 94 C for 30 s, 56-62 C (depending on the annealing temperature of the primers) for 30 s, and 72 C for 60 s kb
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, followed by a final extension at 72 C for 5 min. The amplicons were separated electrophoretically on 1% agarose gels.
Generation of Arabidopsis mutants and transgenic lines
The hema1/hema1/HEMA2/hema2 mutant was generated through crossings of the heterozygous HEMA1 knockout line (SALK_053036) and the homozygous knockout line of HEMA2 (SALK_052000).
The promoter and 5 0 UTR of HEMA1 was fused to the 3 0 UTR of the same gene by overlap extension PCR using the primer pairs 5 0 -AGAATTCTGGCAACAAAAAGTGGCG-3 0 , 5 0 -CCTGCAG GGGCGCGCCCCCAAAATCTCAAATCTCC-3 0 and 5 0 -GGCGCGC CCCTGCAGGAAGAGAAAAATAAGAAGATGTTCATC-3 0 , 5 0 -AC ACGTGAGATTAGAAAGAAAAAAACATTTCTC-3 0 . Restriction sites for AscI and SbfI were incorporated between the two UTRs. The fragment was inserted into pCAMBIA3301 using EcoRI and PmlI, removing p35S and GUS (b-glucuronidase) from the original plasmid and yielding vector pJA1. For complementation of HEMA1 knockout plants, the coding region of HEMA2 was amplified using primers 5 0 -AGGCGCGCCAATCTA TGGCGGTTTCTAGC-3 0 and 5 0 ACCTGCAGGCTACTTTTTTTCC ACCTTTGCTC-3 0 from genomic DNA of A. thaliana Col-0. The product was inserted into the newly generated vector pJA1 using the restriction sites AscI and SbfI. Heterozygous HEMA1 knockout plants were transformed using standard procedures and transformants were selected for resistance against the herbicide BASTA Õ . HEMA1 cDNA was amplified for control complementation lines using the primers 5 0 -ATCACGTGTCTGACAAATCAT ATTCACAGC-3 0 and 5 0 -ATCACGTGCATTACACTCGAGTCTAT GAAGC-3 0 . The amplicon was inserted into the SmaI site of binary vector pGL1, which was derived from pGPTV-bar (Becker et al. 1992 ) by removing the GUS gene and introducing a 35S CaMV promoter and a multiple cloning site. Generation of tobacco (N. tabacum, cultivar Samsun NN) lines overexpressing AtHEMA1 was described in Schmied et al. (2011) . For constitutive overexpression of AtHEMA2, a cDNA fragment was amplified using 5 0 -TCACGTGTTTTTGGTCAAAGCCTCAATG-3 0 and 5 0 -T CACGTGGTATGCTTCCCATCAAG-3 0 and cloned as a PmlI fragment into the SmaI site of binary vector pGL1 (see above). Transformation of N. tabacum was performed using the Agrobacterium tumefaciens strain C58C1:pGV2260 as reported by Rosahl et al. (1987) .
RNA analysis
Plant total RNA was extracted using an innuPREP Plant RNA Kit (Analytic Jena). A 2 mg aliquot of DNase I-treated total RNA was reverse transcribed with oligo(dT) 18 using RevertAid RT (Thermo Scientific). cDNA was amplified with a SensiMix SYBR No-ROX kit (Bioline) on a CFX96 Real-Time System (Bio-Rad) using the oligonucleotides for AtHEMA1 (5 0 -TTGCT GCCAACAAAGAAGAC-3 0 , 5 0 -CCGTCTCCAATGAATCCCTC-3 0 ) and AtHEMA2 (5 0 -AGAAGATTAGAGCAAAGGTGGA-3 0 , 5 0 -TTCACCCTCTACTCAAGTGTG-3 0 ). Expression rates were calculated relative to ACT2 (AT3G18780) according to the 2 ÀÁÁCT method Schmittgen 2001, Schmittgen and Livak 2008) .
Protein analysis
Plant total protein was extracted by grinding frozen leaf material in a buffer containing 2% (w/v) SDS, 56 mM Na 2 CO 3 , 12% (w/v) sucrose, 56 mM dithiothreitol (DTT) and 2 mM EDTA, pH 8.0, followed by heating at 70 C for 20 min and centrifuging at 13,000 r.p.m. for 10 min. Protein probes were heated at 95 C for 5 min before separation on 10% or 12% polyacrylamide gels. Separated proteins were stained with Coomassie Blue or transferred to Hybond-C membranes (GE Healthcare) and probed with specific antibodies using standard protocols (Sambrook and Russell 2001) . Antibodies specific for AtGluTR, GSA-AT and GBP were generated in the lab (Grimm 1990 , Hedtke et al. 2007 , Czarnecki et al. 2011b . Antibodies against LHCB1 and POR were purchased from Agrisera. The anti-FLU antibody was kindly provided by Professor K. Apel (Ithaca, NY).
Determination of Mg porphyrins, PChlide and Chl
Mg porphyrins, PChlide and Chl were extracted using alkaline acetone (9 : 1, 100% acetone : 0.1 M NH 4 OH) and analyzed via HPLC as described in Papenbrock et al. (1999) . The Chl amount in complemented green plants was measured spectrophotometrically according to Lichtenthaler (1987) . Leaf samples for PChlide determination were fixed with steam for 2 min prior to extraction.
Quantification of heme
Heme was extracted from a pellet, following an acetone : 0.1 M NH 4 OH (9 : 1, v/v) treatment, three times using 100 ml of acetone/HCl/dimethylsulfoxide (DMSO) (10 : 0.5 : 2, by vol.). Heme was separated on an Agilent 1290 system (Agilent) with a Poroshell 120 EC-C18 column (2.7 mm; 100Â3.0 mm; 30 C) at a flow rate of 0.8 ml min À1 and eluted with a gradient of solvent A (water, pH 3.2) and solvent B (methanol). Detection was performed using a diode array detector at an absorption wavelength of 398 nm (peak width 2.5 Hz; slit width 4 nm).
Electron microscopy
Leaves from Arabidopsis were fixed with 2.5% (v/v) glutaraldehyde in 100 mM cacodylate buffer containing 0.05% CaCl 2 for 4 h at room temperature and for an additional 12 h at 4 C. Samples were rinsed three times for 30 min with 100 mM cacodylate buffer, post-fixed for 4 h in 2% (v/v) osmium tetroxide, rinsed again three times for 30 min with 100 mM cacodylate buffer, en bloc stained with 1% (w/v) uranyl acetate in 0.05 M maleate buffer (pH 5.2), dehydrated through a graded ethanol series and finally embedded using DER 736 epoxy resin (Agar Scientific). Leaves were cut en face and 70-90 nm sections were collected. Sections were counterstained with 4% (w/v) uranyl acetate followed by lead citrate. All samples were imaged on a Zeiss EM 900 transmission electron microscope equipped with a wide-angle CCD camera (TRS-System).
ALA-synthesizing capacity
About 100 mg of seedlings were incubated under growth conditions in 50 mM Tris-HCl buffer (pH 7.2) containing 40 mM levulinic acid for 2.5 h and subsequently homogenized in 1 ml of 20 mM K-phosphate buffer (pH 6.8). After centrifugation, 400 ml of supernatant was mixed with 100 ml of ethylacetoacetate and boiled for 10 min. Finally, an equal volume of Ehrlich's reagent was added and ALA derivatives were quantified at = 553 nm following the protocol of Mauzerall and Granick (1956) .
Supplementary data
Supplementary data are available at PCP online.
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